Abstract. The role of the 3′untranslated region (UTR) of the dengue virus (DENV) genome during viral translation remains to be elucidated. We assessed the contribution of well-defined RNA elements in the 3′UTR of DENV-2 to viral translation using a virus-induced reporting gene system and deoxyribozymes (DRzs) targeting the 3′UTR of the DENV-2 genome. Results show that mRNAs carrying a deletion of repeated conserved sequence (RCS2)-CS2 are translated less efficiently than wild type mRNAs. However, mRNAs with a deletion of CS1-stem loop (SL) are translated more efficiently. Thus, CS1-SL and RCS2-CS2 may have different effects on translational regulation. Additionally, the translationsuppressing effect of CS1-SL or the SL element is further confirmed in DENV-2-infected cells using DRzs. Mutagenesis studies show that, rather than the secondary structure, nucleotides 10663-10677 and 10709-10723 are responsible for translational suppression of SL. Overall, our results demonstrate that sequences and elements within the DENV-2 3′UTR regulate viral translation.
INTRODUCTION
Dengue viruses (DENVs) are members of the family Flaviviridae and genus Flavivirus , and four groups of serologically distinct DENVs are currently recognized (DENV-1, DENV-2, DENV-3, and DENV-4). 1, 2 Approximately 50-100 million cases of DENV infection in humans occur annually, resulting in 20,000-25,000 deaths, and it is estimated that some 2.5 billion people are at risk of DENV infection worldwide. 3 Despite the public health impact of DENV, a vaccine is not yet available commercially, and treatment of infection remains largely palliative.
Dengue virus contains a single-stranded, positive-sense RNA genome of approximately 11 kb with an m 7 GpppA cap at the 5′ end but without a poly(A) tail at the 3′ end. A single long open reading frame flanked by a 5′ untranslated region (UTR) and 3′ UTR encodes a polyprotein that is cotranslationally and post-translationally processed by viral and cellular proteases into three structural proteins (capsid [C] , pre-membrane/membrane, and envelope [E] ) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). 4 The nonstructural proteins are primarily involved in viral RNA replication as components of a replication complex and also play roles in viral assembly and virus-host interaction. The 5′ and 3′ UTRs of DENV are approximately 100 nucleotides and 400-700 nucleotides in length, respectively. 5 In addition to several conserved sequence (CS) elements, the 5′ and 3′ terminal sequences of DENV genomic RNA can form highly conserved stem loop (SL) structures. 6 The 3′ SL structure has been thought to stabilize the viral genome RNA and regulate viral replication. However, different roles for the 3′ SL during flavivirus translation has been observed when different experimental methods and systems are used. [7] [8] [9] [10] Upstream of the 3′ SL structure, CS1, CS2, and repeated CS2 (RCS2) elements are conserved among mosquito-borne flaviviruses, including West Nile virus (WNV), yellow fever virus (YFV), and Japanese encephalitis virus (JEV). The JEV subgroup and YFV also have distinct CS3 and repeated CS3 (RCS3) elements. It has been proposed that the 3′ SL structure and the CS1 element basepair with conserved sequences within the 5′ region of the capsid gene (5′ CS) and that these interactions are essential for mosquito-borne flavivirus RNA synthesis. 6, [11] [12] [13] [14] There is also a variable region (VR) located downstream of the genomic open reading frame, and nucleotide deletions in this region have been reported in some strains of DENV-1, DENV-4, JEV, and tick-borne encephalitis virus. [15] [16] [17] [18] [19] The role of these elements at the 3′ UTR of DENV has been studied using replicon, phosphorodiamidate morpholino oligomer (PMO), and virus-induced reporter gene (VIRG) systems, 9, 11, [20] [21] [22] [23] and regulatory roles in RNA synthesis and replication have been suggested. However, the molecular details of how these elements modulate viral translation are not yet well defined.
In this study, we systematically analyzed the roles of the RNA sequences and secondary structures present at the 3′ UTR of DENV-2 during viral translation in baby hamster kidney (BHK)21 cells using both the VIRG system and RNAcleaving deoxyribozyme (DRz) assays.
MATERIALS AND METHODS

Cells and virus.
Dengue virus type 2 strain 43 (DENV2-43) was originally isolated from a dengue fever patient in Guangxi Province, China, in 1987, and the full genome sequence was determined by our laboratory (GenBank accession no. AF119661). The infectious cDNA clone of DENV2-43 (pWSK29/DENV2-43) was developed, and virus recovery and titration on BHK21 cells were performed as previously described. 24 The BHK21 cells were grown in Dulbecco's modified Eagle's medium supplemented with 100 U/mL each of penicillin and streptomycin and 10% (v/v) fetal bovine serum at 37°C in a humidified atmosphere of 5% CO 2 .
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Plasmids and VIRG construction. The basic plasmid for in vitro transcription of reporter mRNAs carrying DENV-2 5′ and 3′ UTRs and the firefly luciferase (Luc) gene (v-Luc, Figure 1A ) was constructed as follows. The DNA fragment comprising the DENV-2 5′ UTR and the first 108 nucleotides of the C gene and the DENV-2 3′ UTR were amplified from the pWSK29/DENV2-43 plasmid. The firefly luciferase gene excluding the first and last codons was amplified from pGL3.0 (Promega, Madison, WI). The Renilla luciferase gene was amplified from pGL4.79 (Promega). The v-Rlu VIRG carrying the DENV-2 3′ UTR and the Renilla luciferase gene were constructed as internal controls.
The v-Luc derivatives containing different elements of the DENV-2 3′ UTR were prepared by analogous polymerase chain reaction (PCR) ( Figure 1 ). The VIRGs with or without the single element were constructed by fusion PCR-mediated mutagenesis to determined the role of single element. Stem loop mutants, such as M1, M1R, M2, and M2R, were constructed by PCR mutagenesis using mutagenic primers and template DNAs ( Table 1 ).The mutagenized PCR products were introduced into the TA clone vectors (Invitrogen, San Diego, CA), and the desired plasmids were identified, purified, and confirmed by DNA sequencing after transformation into Escherichia coli .
RNA transcription and cell transfection. Plasmids were linearized with Spe I (TaKaRa, Tokyo, Japan), extracted using phenol-chloroform, ethanol precipitated, and resuspended in RNase-free water at a final concentration of 100 ng/μL. In vitro transcription was done with T7 polymerase in the presence of a m 7 GpppG cap structure analog (Promega) using the RiboMAX Large Scale Production System (Promega). The 20-μL reaction mixture contained 0.5 μg of DNA template, 2 mM m 7 GpppG cap structure analog, 0.8 mM GTP and 2 mM of UTP, CTP, and ATP. The transcription reaction was carried out at 37°C for 2 hours. RNAs were extracted by using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and quantified using a NanoDrop ND1000 spectrophotometer (NanoDrop, Rockland, DE).
For RNA transfections, BHK21 cells were cultured to 70-80% confluence in 24-well culture dishes. All VIRG RNA transcripts (150 ng) were co-transfected with 40 ng of v-Rlu RNA transcripts by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Each reaction was performed in triplicate and the experiments were repeated independently three times. The transfected cells were incubated at 37°C in serum-free minimum essential medium alpha (Life Technologies, Grand Island, NY). The cells were then harvested at different times followed by washing with phosphate-buffered saline (PBS) and addition of 100 μL of cell culture lysis buffer (Promega). The firefly and Renilla luciferase activities were measured using a dual-luciferase assay kit (Promega) according to the manufacturer's instructions on a Glomax luminometer (Promega).
Deoxyribozyme reactions in vitro . RNA-cleaving DRzs (10-23 type) specific for the 3′ UTR of the DENV-2 genome were designed [26] [27] [28] [29] and synthesized by Shanghai Shenggong Ltd (Shanghai, China). These DRzs, which were comprised of a 15-nucleotide catalytic core and two substrate-binding arms of variable sequences and lengths (7 or 8 nucleotides), should bind and cleave the target RNA between a paired pyrimidine base and a free purine base in a sequence-specific manner ( Table 2 ) . [30] [31] [32] The DRz cleavage reactions were performed at 37°C in 10 μL of ribozyme buffer (10 mM MgCl 2 , 50 mM Tris-HCl, pH7.5) containing 1 μM short target RNA and 10 nM DRz solutions, which were denatured separately for 5 minutes at 85°C prior to mixing. At the indicated time, the cleavage reaction was terminated with EDTA. The substrate RNAs and cleavage products were denatured at 65°C for 5 minutes and separated by electrophoresis on a 20% denaturing polyacrylamide gel.
Northern blot assay. Digoxigenin (DIG)-labeled RNA probes were designed and purified using the DIG RNA Labeling Mix (Roche, Indianapolis, IN) following the manufacturer's instructions. To prepare the RNA probe, the plasmid pGEM-T/3′ UTR containing the intact DENV-2 3′ UTR was subjected to in vitro transcription followed by linearization with Spe I. The entire RNA transcript was separated by electrophoresis on a 20% denaturing polyacrylamide gel and subsequently transferred to a positively charged nylon membrane (Roche). Hybridization with DIG-labeled RNA probes was then performed according to the manufacturer's instructions. Anti-DIG alkaline phosphatase antibodies and 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (Roche) were used to detect the hybridized probe by a colorimetric reaction.
Deoxyribozyme assays in BHK21 cells. The BHK21 cells were cultured in 24-well plates (1 × 10 5 cells/well) and infected with 5 × 10 4 plaque-forming units of DEN2-43 at 28°C for 1 hour or transfected with VIRG transcripts at 37°C for 1 hour. The cells were then transfected with the indicated amount of DRzs in Opti-MEM (Life Technologies) containing 2% Lipofectamine 2000 at 37°C for 1 hour. After transfection, BHK21 cells were further incubated in minimal essential medium containing 2% fetal bovine serum at 37°C for 1 hour. The VIRG without DRz treatment was used as a control. Cells were analyzed by reverse transcription-PCR (RT-PCR), enzyme-linked immunosorbent assay (ELISA), and a luciferase activity assay. Luciferase activity assay. Luciferase activity assays were performed in a GloMax luminometer. Briefly, 10 μL of each sample was loaded into the wells of clear-bottom, black, 96-well plates and mixed with 50 μL of luciferase assay reagent (Promega). The Luc activities were normalized to the Rlu activities and expressed as relative luciferase units. To quantify Luc and Rlu activities, a dual-luciferase assay kit was used following the manufacturer's instructions.
Enzyme-linked immunosorbent assay. High bindingcapacity ELISA plates were coated with 100 μL (1-4 × 10 4 cells) of infected or transfected BHK21 cells. The plates were then incubated at 4°C overnight in carbonate coating buffer. The well surfaces were blocked with PBS containing 5% skim milk, and 100 μL of monoclonal antibody specific for DENV-2 E protein was added. The plates were incubated at 37°C for 2 hours. Each well was washed five times with PBS containing 0.05% (v/v) Tween 20, and the bound antibodies were detected with horseradish peroxidase-labeled goat anti-mouse IgG conjugates (Jackson, West Grove, PA), followed by incubation with 3,3-diaminobenzidine (Invitrogen) solution for 30 minutes at room temperature. The reaction was stopped with 50 μL of 2 M H 2 SO 4 , and the plates were scanned with a multi-channel ELISA reader (Beckman, London, United Kingdom) at 450 nm. The standard curve was generated by using six consecutive 1:2 dilutions of BHK21 cells infected with DENV2-43. Each sample was assayed in triplicate.
Computer-assisted secondary structure prediction. The mfold web server ( http://mfold.bioinfo.rpi.edu/ ) was used to predict the secondary structure of the SL element at the DENV-2 3′ UTR using standard parameters. 33, 34 Statistical analysis. Summary statistics and Student's t -tests were performed using Excel 2003 (Microsoft, Redmond, WA) and SPSS for Windows (SPSS Inc., Chicago, IL). A P value < 0.05 was considered significant for all experiments.
RESULTS
VIRG translational regulation by the DENV-2 3¢ UTR.
To study the effect of the DENV-2 3′ UTR on translation, a VIRG composed of the firefly luciferase gene flanked by the 5′ and 3′ UTRs of DENV-2 was constructed (v-Luc). Furthermore, a series of VIRGs carrying different elements of the DENV-2 3′ UTR were constructed ( Figure 1A and B) , and the translational efficiencies of these in vitro transcribed VIRG mRNAs were compared after transfection into BHK21 cells ( Figure 1C ) . The luciferase activities were examined at 4 hours posttransfection when luciferase activity was increasing linearly without significant mRNA degradation. 35 No translational signal was detected for VIRG containing a complete deletion of the 3′ UTR (v-D3′ UTR), thus demonstrating the essential role of the 3′ UTR in translation. The translational efficiency of the VIRG with the VR element (v-VR) was comparable to those of VIRGs with the intact 3′ UTR (v-Luc) or the poly(A) tail (v-AAA). The VIRG with CS1-SL deleted (v-DCS1SL), carrying VR, RCS2 and CS2 elements, showed a 33% increase in translation efficiency compared with v-Luc. The VIRG with RCS2-CS2 deleted (v-DRCS2CS2), carrying VR, CS1 and SL elements, showed a 25% decrease in comparison with v-Luc. These results suggested that the 3′ UTR of DENV was essential for translation, RCS2-CS2 elements at the 5′ end of the 3′ UTR might enhance translation, and CS1-SL elements at the 3′ end of the 3′ UTR might play a role in translational repression.
Translational regulation by the cleaved DENV-2 3¢ UTR. To further examine the effect of the elements at the DENV-2 3′ UTR on viral translation, a number of DRzs targeting the 3′ UTR of DENV-2 were designed and verified using in vitro assays. Five DRzs were found to be effective in degrading the DENV-2 3′ UTR in vitro , and as such were designated DRz 2, 6, 14, 15, and 18 ( Table 2 ). According to the pre-designed cleavage sites ( Figure 2E ) , DRzs 2 and 6 were designed to remove RCS2, CS2, CS1, and SL elements from the 3′ end of DENV-2 3′ UTR, and DRz 14, 15, and 18 were designed to remove CS1 and SL elements from the 3′ end of the DENV-2 3′ UTR.
The specificity and kinetics of one of the DRzs in cleaving the DENV-2 3′ UTR in vitro was validated by a northern blot assay ( Figure 2A ) . Additionally, BHK-21 cells transfected with v-Luc mRNAs were treated with all five DRzs and the cleaving effects in live cells were detected by semiquantitative RT-PCR. The results showed that DRzs 2, 6, 14, and 15 were effective in cleaving the VIRG RNAs in BHK21 cells, thus resulting in a decrease of the full-length DENV-2 3′ UTR ( Figure 2B ). The results of the Luc activity assay indicated that the translational efficiency of v-Luc treated with DRz 14 and 15 increased significantly ( Figure 2C ). As mentioned earlier, DRzs 14 and 15 were designed to remove the CS1SL elements from the DENV-2 3′ UTR. In support of previous results, these data suggested a potential role of CS1-SL in translational inhibition.
In a parallel series of experiments, we analyzed the effect of DRz treatment on the translation of DENV genomic RNA by using authentic dengue virus. The BHK21 cells were infected with DENV2-43 at multiplicity of infection of 0.5 and subsequently transfected with each of the five DRzs. One hour after transfection of DRzs, the intracellular viral genomic RNA concentrations were determined using semi-quantitative RT-PCR. The results showed that treatment with DRzs 2 and 14 led to a decrease of intact DENV-2 3′ UTR in DENV-infected BHK21 cells ( Figure 2D ).
The DENV E protein level in DRz-transfected cells, which reflected the initial translation efficiency, was assayed by ELISA 2 hours after DENV infection. The results indicated that treatment with DRz 14 significantly enhanced the primary expression of E protein in DENV-infected cells ( Table 3 ) . Given the cleavage sites of DRz 14 ( Figure 2E ), these results provided further evidence for a role of the CS1-SL elements in translational suppression.
Translational regulation by individual RNA elements of the DENV-2 3¢ UTR. To further determine the role of each element within the DENV-2 3′ UTR on viral translation, a series of VIRGs with 35 or without single elements ( Figure 3 ) were constructed. These constructs were used to prepare in vitro transcripts, which were then transfected into BHK21 cells. Luc activities of each VIRG transcript were further assayed 4 hours post-transfection. The translational efficiencies of VIRGs with single elements were 145 ± 9% for RCS2, 156 ± 10% for CS2, 77 ± 5% for CS1, and 65 ± 7% for SL. 35 The data showed that the translational efficiency of RCS2 or CS2 was higher than that of CS1 or SL. As expected, the translational efficiency of mRNA derived from the VIRG with the SL element deleted (v-DSL) was significantly higher (121 ± 9.5%) than that from v-Luc ( Figure 3C ). These results indicate that the SL element at the DENV-2 3′ UTR may play a role in translational down-regulation. In addition, our previous data showed that RCS2 and CS2 enhance translation, and CS1 and SL repress translation. 35 No significant differences were observed among the VIRGs with corresponding elements deleted ( Figure 3C ). Further research will be required to determine the exact roles of these elements.
Translational regulation by the SL element of the DENV-2 3′ UTR. To further clarify the mechanism of translational inhibition by the SL element, mutations were introduced into the SL element to produce a series of VIRG mutants. SL-M1 and SL-M2 contained nucleotide mutations that destroyed the wild type stem structure, which resulted in a larger loop structure at the sites indicated ( Figure 4A ). SL-M1R and SL-M2R contained compensatory mutations that restored secondary structure to the level found in the wild type SL structure. All of the VIRGs mentioned were then transfected into BHK21 cells after in vitro transcription, as previously described. Luc activity assays were performed 4 hours post-transfection, and the results indicated that no significant differences were observed among the translational efficiencies of SL, SL-m1, SL-m1R, and SL-m2 mRNAs ( Figure 4B ). SL-m2R, which has the same secondary structure as SL ( Figure 4A ), showed a significant increase in translation efficiency, suggesting that nucleotides 10663-10677 (AGCATCATTCCAGGC) and 10709-10723 (GAATCAACAGGTTCT) ( Table 1 , m2R), but not the secondary structure, were responsible for the translational suppression of the DENV-2 SL element.
DISCUSSION
It has been suggested that the DENV-2 3′ UTR plays a key role during viral translation and RNA replication. In this study, the effects of RNA sequences and structural elements at the 3′ UTR of DENV-2 on viral translation were examined using VIRG and DRz systems. The main conclusion of our study is that different elements within the DENV-2 3′ UTR regulate viral translation in different ways. The RCS2-CS2 elements were found to enhance translation, and the CS1-SL or SL elements suppressed translation. Furthermore, the nucleotide sequences, not the secondary structure, were responsible for the translational suppression of the SL element of the DENV-2 genome.
The role of the VR remains controversial in RNA replication, and its role in viral translation is unclear. We have observed the same translation efficiency of mRNAs with the VR sequence and mRNAs with a poly (A) element, suggesting that the VR and poly A may have similar functions in maintaining RNA stability or enhancing translation factor recognition. Because great variability exists in the length and nucleotide sequences of VRs among different flaviviruses, the VR is generally thought to have little effect on virus replication. However, it has also been reported that loss of most of the nucleotides in DEN and WNV VR sequences might cause a decrease in viral replication and a reduction in viremia in vivo . 15 In addition, one DENV-2 isolate missing 10 nucleotides in the VR was thought to be associated with mild clinical symptoms. 36 Compared with the intact 3′ UTR, the translation efficiency of DENV-2 mRNA in which the RCS2-CS2-CS1-SL elements had been deleted was unchanged. These results are consistent with studies of other flaviviruses. For example, it has been suggested that deletion of the WNV 3′ UTR has little effect upon the translation of a WNV replicon RNA. 37 We therefore hypothesize that there may be little or no role for RCS2-CS2-CS1-SL in DENV-2 translational regulation.
The results of this study support the hypothesis that RCS2-CS2 and CS1-SL elements play contrary roles during translational regulation. The translation efficiency of mRNA derived from constructs with the RCS2-CS2 elements deleted decreased, suggesting that RCS2-CS2 had a potential enhancing effect on the translation of DENV-2 RNA. RCS2 and CS2 have similar structures and expose similar sequence motifs in the loops, and it is likely that they perform similar functions. It is also possible that the loss of one may be compensated for by presence of the other, but deletion of both may greatly alter viral translation. This redundancy in structure and function may be a mechanism formed during long-term evolution. In contrast to DENV, WNV and Kunjin virus contain RCS3 and CS3 elements, which may be responsible for the redundancy. 4 Alvarez and others developed an attenuated live WNV vaccine by deleting 30 nucleotides in CS2 and found that its translation was not affected. 20 By using VIRG systems, our experiments demonstrated that although individual CS2 elements were sufficient to regulate translation, 35 deletion analysis showed no significant effects on translation ( Figure 3C ). Thus, these data indicated that the function of CS2 elements might be complemented by other elements in the viral genome.
Our results indicate a suppressive role for CS1-SL during DENV mRNA translation. CS1-SL might be involved in interactions between the 3′ and 5′ ends of the DENV-2 RNA, which may obstruct the interaction of ribosomes with the 5′ cap structure, thus resulting in decreased translation efficiency. The stem loop is the major factor contributing to the translational suppression observed in our experimental system; CS1 might also play a minor role. The SL of WNV was reported to suppress translation in cis and in trans of capped and uncapped chimeric mRNAs. 10 These results are consistent with our present data from DENV-2, suggesting that the SL of the 3′ UTR might suppress translation. In contrast, studies by Holden and others, which used anti-sense phosphorodiamidate morpholino oligomer oligomers, suggested that SL may facilitate translation. 23 The SL element may also possibly contain both positive and negative components; for example, the 20 nucleotides forming the loop may promote translation and the remaining 60 nucleotides forming the long stem may offset those enhancing effects. Using VIRG systems combined with mutation analysis, we identified the nucleotides AGCATCATTCCAGGC (10663-10677) and GAATCAACAGGTTCT (10709-10723), which were critical for translational suppression of the DENV-2 SL element. The experiments discussed were based on mfold structural predictions of the DENV-2 3′ UTR. Given the limitations of mfold, further experiments combined with RNase digestion and reverse genetics are warranted. 38 In conclusion, the results described in this report help to further define the roles of RNA sequences and structural elements present at the DENV-2 3′ UTR during translation and further advance our knowledge of molecular mechanisms used by DENV to progress through its life cycle.
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